We review the recent study of novel optical properties of iodine molecules trapped inside the nano-channels of single zeolite crystals. It has been verified by Raman spectroscopy and molecular dynamics simulation that there are two favorite orientations of iodine molecules inside the AlPO 4 -11 (AEL) and AlPO 4 -5 (AFI) crystal channels: "lying" along the channel direction or "standing" inside the channel. Switching between the "lying" and "standing" configurations of iodine molecules inside the AEL crystals can be controlled by varying the density of water molecules inside the crystal channels. For extremely low iodine-loaded samples, the frozen "standing" iodine molecules in AEL crystals were observed whose Raman linewidth is independent of temperature. We also show that the radius of iodine atom can be determined from the fading nature and the broadening characteristics of overtones in Raman spectra of confined iodine molecules.
Introduction
In the recent two decades, aluminophosphate molecular sieves (AlPO 4 ) have been widely adopted as host template platforms because their ultra-small and relative long opening one-dimensional (1D) nano-pores are ideal to accommodate many types of small guest molecules. Meanwhile, they are nearly transparent from ultraviolet to near-infrared, appropriate for probing the optical properties of trapped guest molecules as well as their optical applicaitons. The laser-active dye molecules such as pyridine-2 1,2 and rhodamine BE50 3 have been incorporated into calcined at 580
• C and 680
• C, respectively, in pure oxygen atmosphere for about 40 h to remove the organic template molecules in the channels. Then the calcined crystals were sealed together with solid iodine source in a Pyrex tube under a vacuum of 10 −2 mbar. Iodine molecules are then physically diffused into the nanochannels of the AFI and AEL single crystals at temperature 100 • C. The loading density of the iodine in the host crystals can be controlled by the weight ratio of the loaded solid iodine to the AFI or AEL single crystals. As shown in Fig. 2 , an iodine molecule can either "stand" up inside the channel (Figs. 2(a) and 2(b)), or "lie" down along the channel (Figs. 2(c) and 2(d)) of AEL and AFI crystals. The length of iodine molecule is about 6.8Å, since the diameter of AFI crystal is about 7.3Å, the "standing" iodine molecule is free to rotate inside the channel as illustrated in Fig. 2(a) . While the cross section of AEL crystal is an elliptical ring with major and minor diameters of 7.2 and 5.3Å, respectively. Obviously, the "standing" iodine molecule in the AEL crystal can only be oriented along the major axis as illustrated in Fig. 2(b) . As a result, the rotational freedom (around the channel axis) is frozen for the "standing" iodine molecules in the AEL crystal. This has been confirmed by the polarized Raman experiments.
13,14 Figure 3 shows the results of three polarized Raman scattering experiments with iodine-loaded AEL crystals.
14 The AEL crystals were put in the xyz-coordinate As shown in Fig. 3(a) , the incident excitation laser is polarized along the y axis and propagates along the −x axis. The backscattering signals are along the x axis. And α is the polarization angle. In Fig. 3(d) , the central Raman signal shifts from 207 cm −1 to 214 cm −1 with the increase of the polarization angle α from θ = 0 • to
90
• in VV configuration. In the VH configuration, the Raman intensity reaches the maximum with the polarization angle α = 45
• . These two highly polarized Raman signals can be attributed to two different orientations of iodine molecules inside the AEL crystal channels. The vibration mode of 207 cm −1 can be attributed to iodine molecules which are "lying" along the AEL channels, while the vibration mode of 214 cm −1 belongs to the molecules whose directions are perpendicular to the channel and along the major axis of the cross section as they are "standing" inside the channel. The 7 cm −1 difference is due to the stronger interaction between the "standing" iodine molecules and the framework atoms owing to the closer contact.
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Frozen Iodine Molecules in Nano-Pores of Zeolite Single Crystals In order to further confirm these two configurations, two more experiments were performed.
14 In Fig. 3(b) , the incident excitation laser is polarized along the y axis and propagates along the −z axis. The backscattered signals are along the z axis. And β is the polarization angle. Only the vibrational mode of 207 cm
due to the "lying" iodine molecules is observed in both VV and VH configurations, as shown in Fig. 3 (e). In VV configuration, the Raman intensity at 207 cm
decreases dramatically with the increase of the polarization angle β. While in VH configuration, the Raman signal reaches the maximum with β = 45
• . In Fig. 3 (c), the incident excitation laser is polarized along the z axis and propagates along the −y axis. The backscattering signals propagate along the y axis, and m represents major axis of elliptical channel. Not surprisingly, only the polarized Raman signal of 214 cm −1 due to "standing" iodine molecules is observed in both VV and VH configurations. We expect these two orientations of iodine molecules both exist in an AFI crystal: one is along the crystal channel and the other is perpendicular to the channel. However, the situation is different when the iodine molecule is in a circular channel, the "standing" iodine molecule is free to rotate in the cross section, not along a definite direction as in AEL crystal, as shown in Figs. 2(a) and 2(b). As Fig. 4 indicates, the Raman shift of the "standing" and "lying" configurations in AFI crystals are both around 208 cm −1 . The difference is that the width of Raman shift of the "lying" iodine molecules is larger than the "standing" iodine molecules. It is easier to understand that since the interaction between the "standing" iodine molecules and the framework atoms of AFI crystals are weaker than AEL crystal due to the larger diameter of the AFI crystals. Table 1 shows the Raman shifts of the four configurations of iodine molecules inside the AFI and AEL crystals. It reveals that the natural vibration mode of iodine molecules redshifts to 208 cm −1 from the 213cm −1 of the free standing molecules.
The only exception is the "standing" iodine molecules inside AEL crystals, where its vibration mode blueshifts from 208 cm −1 to 214 cm −1 compared to the other three types of configuration. This blueshift is due to the compression interaction between the "standing" iodine molecules and the framework atoms of AEL crystals since only the "standing" iodine molecules in AEL crystals have a much more close contact with the framework atoms, as illustrated in Fig. 2 . In order to understand the underlying mechanism of the two configurations of iodine molecules inside AEL crystals, molecular dynamics simulations were performed. 15 The angular distributions of the iodine molecules inside half-occupied AEL crystal channels are shown in Fig. 5 . The result shows that in room temperature, the angular distributions of iodine molecules inside the AEL crystal channel obey the normal distribution with the mean orientation along the crystal axis or along major axis of the cross section. The standard deviation of the standing iodine molecules inside the cross section is about 7
• , as shown in Fig. 5 (a). This result is consistent with the framework size confinement in the elliptical cross section, as shown in Fig. 2 (b). The standard deviation of "lying" and "standing" iodine molecules in the plane of crystal axis and major axis are 25
• and 10 • , respectively, as shown in Fig. 5 (b). The adoption of these two favorite orientations by iodine molecules inside the channel is due to the interaction between iodine molecules and AEL crystal framework: these two configurations reach the local minimum in the energy surface. 
Reversible Manipulation of the Iodine Orientations Inside AEL Crystal Channel
The two configurations of iodine molecules inside the AEL crystals we just discussed above are ideal cases. If the AEL crystal is left in atmosphere and the crystal channel is not fully occupied by the iodine molecules, the water molecules in the air could diffuse into the crystal channels due to the channels' hydrophilic nature. As a result, the orientation of iodine molecules is affected by the water molecules adsorbed into the crystal channels. In the following, we describe the experiments on how to explore the influence of water molecules on the orientation of trapped iodine molecules. The polarized Raman spectra of low iodine-loaded AEL crystals under different pressures, temperatures, and laser powers are shown in Fig. 6 . All the experiments were performed in VV configuration of Fig. 3 (a) with α = 0
• for detecting the "lying" iodine molecules and α = 90
• for detecting the "standing" iodine molecules.
24
As shown in Fig. 6 (a), in room temperature and under standard atmospheric pressure, all iodine molecules inside the partially iodine-loaded AEL crystal are "standing" up inside the crystal channel. With the decrease of pressure, iodine molecules start to rotate to lie along the direction of channel axis. If the pressure is below 10 mbar, about 70% of iodine molecules are lying along the channel, and this percentage does not change with the decrease of pressure any more, as shown in Fig. 6(b) . It illustrates that under standard conditions of temperature and pressure, the partially iodine-loaded AEL crystal is saturated by water molecules. All iodine molecules have to stand up inside the channel. When the pressure is decreased, water molecules are easier to be driven out of the channels because they are much smaller than iodine molecules. Then iodine molecules start to rotate to lie along the channel direction. If there is only a small amount of water molecules inside the channel, the orientation of iodine molecule is no longer affected by the water molecules, and the thermal equilibrium established between the "standing" and the "lying" iodine molecules which leads to 70% of the iodine molecules are "lying" along the channel. As shown in Figs. 6(c) and 6(d), if the temperature is increased but the pressure is kept at one atmospheric pressure, the same phenomenon occurs. The heating effect of the excitation laser of Raman experiment can also be utilized to control the temperature of the area of laser spot locally, thus the orientation transition of iodine molecules can be controlled repeatedly and reversibly since water molecules can absorbed or desorbed from the area of laser spot to the outer area, as shown in Figs. 6(e) and 6(f). The underlying mechanism of the reversible orientation switching of the iodine molecules in the hydrated AEL channels was further confirmed by the molecular dynamics simulation. 24 The simulation box contains 2 × 1 × 5 unit cells, including four parallel channels with periodical boundary conditions. Figures 7(a) and 7(b) display the snapshots of molecular dynamics simulations box with 10 and 30 water molecules, respectively. The statistic results of the influence of the density of water molecules on the orientation of iodine molecules are shown in Fig. 7(c) . It is obvious that if the density of water molecules is lower, the iodine molecules tend to be oriented along the channel direction. On the other side, if the density of the water molecules is high, the iodine molecules tend to "stand" up inside the channel along the major axis of the cross section. From the simulation results, about 70% of iodine molecules are "lying" along the crystal channel if the influence of water molecules can be ignored. This is consistent with the observation attained from Raman experiment. The simulation results are consistent with the experimental observations. 
Temperature Dependence of Raman Spectra of the "Standing" Iodine Molecules
For extremely low iodine-loaded AEL and AFI crystal samples, the "standing" iodine molecules trapped in the AEL crystal has an effective internuclear potential close to an ideal harmonic oscillator, while the internuclear potential of the iodine molecules in the AFI crystal is more close to free-standing iodine molecules. 22 The different effective potentials lead to the different Raman spectra widths dependence on temperature for these two types of trapped molecules. The energy spacing between E v and E v−1 extracted from the Raman spectra ( Fig. 8(a) ) as a function of the vibrational quantum number v is shown in Fig. 8(b) . The "standing" iodine molecule trapped in the AEL crystal has an effective internuclear potential close to an ideal harmonic oscillator, which leads to a nearly constant energy spacing. The "standing" iodine molecules in the AFI crystal is under the influence of the Morse potential as that of free-standing molecules, which leads to a linearly decreased energy spacing as in free state, shown in Fig. 8(b) .
Figures 8(c) and 8(d) show the line shapes of fundamental Raman shift of "standing" iodine molecules in AFI and AEL crystals at different temperature. The line width of the "standing" iodine molecules in the AFI crystal is broadened as the temperature increased, while the counterpart in AEL crystal is nearly constant with raising the temperature. These phenomena are due to the different energy spacings of the confined "standing" iodine molecules. Each fundamental Raman spectral line (Δv = 1) contains many degenerate lines. At a specific temperature T , the molecules would occupy multiple states with probabilities determined by the Boltzmann distribution. For an ideal 1D harmonic oscillator, the vibrational energies are equally spaced and all Raman transition lines of Δv = 1 are degenerate. On the other hand, if the vibrational energies are determined by a Morse-like potential with nonuniform spacing, different Raman transition lines of Δv = 1 will not overlap completely. Therefore, there is no temperature broadening for the "standing" iodine molecules with an ideal 1D harmonic-oscillator potential in AEL crystals. For molecules with a Morse-like potential, however, there will be a significant temperature effect on the spectral width.
Estimating Iodine's Atomic Size by Means of Raman Spectroscopy
Free-standing iodine molecules are free to vibrate. In free space, the diatomic interaction of iodine molecule can be described by the Morse potential.
which allows a large number of discrete vibration quantum states, as shown in the right panel of Fig. 9(a) . However, vibration movements of the confined "standing" molecules may be affected by the atoms on the channel wall. The motions of the "standing" iodine molecules can be decomposed into the translational movement of the center of mass and the vibrational movement inside the molecule. Firstly, if the center of mass of iodine molecule is supposed to be fixed on the axis of the channel, the vibration states at higher energies are blurred due to the vibration energy dissipation from the molecule to the framework of the wall, illustrated in the right panel of Fig. 9(b) . As a result, Raman transitions to higher vibration states, which exist in the free space, disappear when the molecule is trapped inside the channel. From this behavior, the Van der Waals radius of the atoms in an iodine molecule may be determined. 26 Secondly, the right panel of Fig. 9(a) shows that the average internuclear separation r of iodine molecule increases with the higher vibrational levels. If the iodine molecule is considered to be vibration-free and the internuclear separation is fixed at r v of a particular vibrational energy level, the translational motion of the iodine molecule as a whole in the channel would reduce the lifetime of the vibrational level, as shown in Fig. 9(c) , which would lead to the broadening of the Raman spectrum, which would also be used to determine the Van der Waals radius of iodine atoms. The polarized Raman spectra of free-standing iodine molecules, as well as the iodine molecules accommodated in AFI and AEL crystals are shown in Figs. 10(a)-10(c), respectively. More than fifty slow-decreased overtones are observable for the free-standing iodine molecules. In comparison, the intensities of the overtones of the confined "standing" iodine molecules decrease rapidly. Only fourteen and ten overtones are observable in iodine-loaded AFI and AEL crystals, as shown in Fig. 10 . Furthermore, the full width at half maximum (FWHM) of the overtones for the confined iodine molecules gradually broadened. However, FWHM is very small and nearly a constant for free-standing iodine molecules. These phenomena can be attributed to the confinement effects of the crystal channel on the iodine molecules.
The iodine atoms inside the iodine molecule can be treated as two hard spheres with a radius of r a and internuclear separation of r. If the iodine molecule is loaded into a cylindrical cage with an internal diameter 2R slightly larger than the size of the ground state molecule and the center of mass of iodine molecule is fixed on the axis of the cage, at higher vibration states, the internuclear separation increases such that at a certain energy level the atoms start to collide with the cage wall, as shown in Fig. 9(b) . The vibration states at higher energies are blurred due to the energy dissipation from the molecule to the framework of the wall, as illustrated in Fig. 11 . As a result, Raman transitions to higher vibration states, which exist in the free space, disappear when the molecule is trapped inside the cage.
We can determine the outer turning position at r t by U (r t ) = E for a specific vibrational state with the energy eigen value E which can be obtained from the Raman shift. At a high vibrational energy state, the probability density is concentrated at these classical turning positions, where the atom spends most of its time with minimum speed, as shown in Fig. 11 . Therefore, maintaining a free-state-like vibrational state requires r t +2r a ≤ 2R. The molecule 5 in Fig. 9(b) represents such a critical case where the sphere of the atom coincides with the wall: r tc + 2r a = 2R, i.e. r a = R − r tc /2.
We define the point of the vibration magnitude down to −20 dB or 0.01 as the maximum reachable boundary of the diatomic vibration, as shown in Fig. 10 . From the last observable vibrational state in Raman spectra, the outer turning point can be identified from the potential curve, 26 as shown in Fig. 11 . For AFI crystal, r tc = 3.02Å. For AEL crystal, r tc = 2.94Å. The iodine atoms are modeled to collide with walls at this position. The diameter of channel framework of AFI crystal is 7.3Å ± 0.1Å. 26 Then the radius of the iodine atom can be determined:
r a = R − r tc /2 = 2.10 ± 0.05Å. The same result can be obtained by using the value 7.2 ± 0.1Å of the major axis of the elliptical cross section of AEL crystal. In fact, the center of mass of iodine molecule cannot be stationary on the axis of the channel under room temperature, the molecule as a whole must have translational motion in the cross section of the channel. It can be imagined that the iodine molecule is free of vibration in the process of its translational motion. If the iodine molecule is on a certain vibrational energy level, the internuclear separation can be represented by the average distance r v = ψ * v rψ v dr of this vibrational energy level. Then the translational motion of the center of mass of iodine molecule is confined in a region with width L as shown in the left panel of Fig. 12(a) . It can be modeled that the translational motion of the molecule is confined in a 1D infinite potential well as shown in the right panel of Fig. 12(a) .
From the uncertainty principle, the lifetime τ of the specific vibration energy level can be expressed as τ = 2ΔE = smaller than the natural lifetime of the vibrational energy level. So the collision would reduce the lifetime of the corresponding vibrational level, which would lead to the broadening of the Raman spectra, as shown in Figs. 10(b) and 10(c). We hypothesize that the lifetime of the corresponding vibrational level is equal to the average collision time, then from the FWHM of each peak, the width L v of infinite potential well can be determined, then from the relation r a = (2R − L v − r v )/2, the radius of iodine can also be determined. For iodine molecules in a 1D infinite potential well, the energy levels can be expressed as E n = n 2 h 2 8mL 2 , which are plotted in the right panel of Fig. 12(a) . If iodine molecules is on a certain energy levels, the corresponding speed is v n = nh 2mL , then the period between two collisions can be determined by t cn = L vn = 2mL 2 nh . Because the average internuclear separation r v of iodine molecule increases with the higher vibrational energy levels, then the width of the infinite potential well is related to the vibrational level, which can be denoted by L v . Since energy distribution of the iodine molecules in the 1D infinite potential well must obey the Bolzmann distribution, the average collision period can be calculated as
Since the average collision time is supposed to be equal to the lifetime of the corresponding vibrational level, then t cn = τ v = 1 4πcΓv , where Γ v is the FWHM of the specific peak in terms of cm −1 and can be determined from Fig. 10 , then L v can be calculated from Eq. (2). The iodine radius can be calculated from the relation r a = (2R − L v − r v )/2, the results are shown in Fig. 12(b) . From the radii calculated from the FWHM of each peak in Fig. 10 , the average radius of the iodine atom in AEL crystal can be determined as 2.19 ± 0.03Å. In AFI crystal, the value is 2.22 ± 0.06Å. Generally speaking, these values are in agreement with the value 2.10 ± 0.05Å determined from the last observable vibrational state. Compared to the some kind of the arbitrary selection of − 20 dB or 0.01 as the maximum reachable boundary of the diatomic vibration, the FWHM of each peak can be used to calculate the corresponding iodine radius, which leads to dozens of atomic radius values could be determined as shown in Fig. 12(b) . But the radii determined in this way have an asymptotic behavior. In fact, these radii just offer us an upper limit of the iodine's radius. The reason is that the internuclear separation of iodine molecule cannot be fixed at the average distance r v of a particular vibrational energy level, the iodine molecules have to vibrate all the time. The vibration movement must be coupled with the translational motion of the center of mass. One consequence is shown in Fig. 13(a) , the lower molecule is on a higher vibrational level and is moving from the left to the right, the vibrational motion would let the left atom to collide with the left wall but the right atom still not touch the wall on the right, as shown by the upper molecule in Fig. 13(a) . This coupling behavior would significantly reduce the average collision time. Then the molecule on the higher vibrational level would "see" a much narrower infinite potential well. As shown in Figs. 13(b) and 13(c), the sum of the average internuclear separation r v and the infinite potential well width L v is supposed to be a constant but it is not. The width is decreased exponentially not linearly, which means the width is underestimated due to the coupling behavior depicted in Fig. 13(a) . From the relation r a = (2R − L v − r v ) /2, it could be understood that the radius of iodine atoms is overestimated in this manner which leads to an asymptotic behavior as shown in Fig. 12(b) . And the coupling effect could also explain that the intensities of the overtones in Figs. 10(b) and 10(c) are not suddenly decreased to 0.01 but have an exponentially decreased behavior. Table 2 shows a comparison of the iodine atomic radii determined in this work with those reported in the literature. The radii reported in the literature are mainly determined from X-ray diffraction and neutron diffraction technologies. From Table 2 we can see that, generally speaking, the atomic radii of confined iodine atom determined from the Raman spectra are in good agreement with the values got from other methods.
Conclusion
In summary, we have given a brief review of the configurations of iodine single molecules inside the AEL and AFI zeolite crystals. Both molecular dynamics simulation and Raman spectroscopy confirm that there are two types of orientations of iodine molecules inside the AEL and AFI crystal channels: "lying" along the channel direction or "standing" inside the channel. The "lying" and "standing" configurations inside the AEL crystals can be controlled by changing the density of water molecules inside the crystal channel. For extremely low iodine-loaded samples, different line shape temperature broadening in the Raman spectra were observed for the "standing" iodine molecules in AFI and AEL crystals. Finally, we describe how to determine the Van der Waals radius of iodine atoms from the fading nature and the broadening characteristics of overtones of Raman spectra of confined "standing" iodine molecules.
